The nucleus of the solitary tract is a potential site for taste-visceral interactions. Connections from the caudal, visceral area of the nucleus (cNST) to the rostral, gustatory zone (rNST) have been described, but the phenotype of cells giving rise to the projection(s) and their distribution among rNST subdivisions are unknown. To determine these characteristics of the intrasolitary pathway, we injected pan-neuronal and floxed AAV viruses into the cNST of mice expressing cre in glutamatergic, GABAergic, or catecholaminergic neurons. Particular attention was paid to the terminal field distribution in rNST subdivisions by simultaneously visualizing P2X2 localized to gustatory afferent terminals. All three phenotypically identified pathways terminated in rNST, with the density greatest for glutamatergic and sparsest for catecholaminergic projections, observations supported by retrograde tracing. Interestingly, cNST neurons had more prominent projections to rNST regions medial and ventral to P2X2 staining, i.e., the medial and ventral subdivisions. In addition, GABAer-
gic neurons projected robustly to the lateral subdivision and adjacent parts of the reticular formation and spinal trigeminal nucleus. Although cNST neurons also projected to the P2X2-rich central subdivision, such projections were sparser. These findings suggest that cNST visceral signals exert stronger excitatory and inhibitory influences on local autonomic and reflex pathways associated with the medial and ventral subdivisions compared to weaker modulation of ascending pathways arising from the central subdivision and ultimately destined for the forebrain. (Davis, Smith, & Singh, 2000; Sclafani, 2013) and the formation of conditioned taste aversions following gastrointestinal malaise (Garcia, Hankins, & Rusiniak, 1974 , reviewed in Reilly & Bornovalova, 2005 .
Similarly, gustatory stimulation can impact visceral function including the release of pancreatic insulin (Berthoud, Bereiter, Trimble, Siegel, & Jeanrenaud, 1981; Berthoud, Trimble, Siegel, Bereiter, & Jeanrenaud, 1980; Glendinning et al., 2017; Grill, Berridge, & Ganster, 1984) , the acceleration of gastric emptying following oral stimulation with sweet-tasting stimuli (Inui-Yamamoto, Yuichi, & Takashi, 2009) , and the suppression of gastric emptying and gastric acid production in response to bitter tastants (Inui-Yamamoto et al., 2009; Wicks, Wright, Rayment, & Spiller, 2005) . The neural underpinnings of these interactions are widely distributed along the neuraxis. Although forebrain integration of taste and visceral signals is required for the expression of a conditioned taste aversion as well as the increased intake of salt following sodium depletion (Grill & Norgren, 1978; Grill, Schulkin, & Flynn, 1986) , some taste-visceral interactions are mediated at the level of the brainstem. Decerebrate preparations, for example, reduce sucrose consumption in response to gastrointestinal satiety signals (Grill & Norgren, 1978; Kaplan, Seeley, & Grill, 1993; Seeley, Grill, & Kaplan, 1994) and increase the intake of sweet-tasting compounds in response to insulin-induced hypoglycemia (Flynn & Grill, 1983) . A role for the parabrachial nucleus (PBN) in these behaviors is suggested both by the convergence between taste and visceral signals in single neurons within the nucleus (Baird, Travers, & Travers, 2001; Hajnal, Takenouchi, & Norgren, 1999; Hermann, Kohlerman, & Rogers, 1983; Hermann & Rogers, 1985; Karimnamazi, Travers, & Travers, 2002) as well as lesion/behavioral studies, e.g. (Grigson, Reilly, Scalera, & Norgren, 1998; Reilly, Grigson, & Norgren, 1993; Scalera, Spector, & Norgren, 1995) .
The rostral nucleus of the solitary tract (rNST) is another potential site for taste-visceral interactions. Although electrical stimulation of the caudal nucleus of the solitary tract (cNST) failed to modulate rNST gustatory responses (Hermann et al., 1983) , a number of visceral stimuli including gastric stretch and changes in blood glucose, insulin and glucagon can all alter taste responses in rNST neurons Giza, Deems, Vanderweele, & Scott, 1993; Giza, Scott, & Antonucci, 1990; Giza, Scott, & Vanderweele, 1992; Glenn & Erickson, 1976) . Moreover, injections of sensitive anterograde tracers, including biotinylated dextran, Phaseolus vulgaris leucoagglutinin, or cholera toxin into the cNST at mid-postrema levels produced intrasolitary anterograde label extending to the rostral pole of the nucleus (Karimnamazi et al., 2002; Rinaman, 2010; Whitehead, Bergula, & Holliday, 2000) . However, the topography of this projection was not well-described. Such details are important because the rNST is a heterogeneous structure with anatomically distinct subdivisions (Whitehead, 1990) exhibiting different patterns of inputs and outputs, neurotransmitters, and sensory characteristics, all of which suggest functional specialization. Thus, the central subdivision receives the most robust input from primary taste afferents and is the main source of ascending connections ultimately destined for the forebrain via the PBN. The lateral subdivision is more involved in somatosensory function, and the medial and ventral subdivisions are preferentially involved in parasympathetic and oromotor reflexes (Breza & Travers, 2016; Ganchrow et al., 2014; Halsell, Travers, & Travers, 1996; Stratford, Thompson, & Finger, 2017; Whitehead, 1993 ).
The present study was designed to more carefully evaluate the identity of the rNST subdivisions that receive a projection from the cNST.
We focused on connections originating from a level of the cNST where vagal afferents innervating the gastrointestinal tract are prominent, i.e. the medial subdivision coincident with the area postrema or just caudal to it (Hermann et al., 1983; Norgren & Smith, 1988; Shapiro & Miselis, 1985) . In addition, even this restricted cNST region contains neurons with multiple phenotypes, including a vast array of peptides, as well as glutamatergic, GABAergic, and catecholaminergic neurons. Previous reports have documented widespread catecholaminergic projections to the PBN, hypothalamus, and other telencephalic structures in addition to local projections to the dorsal motor nucleus of the vagus (X) and medullary reticular formation, (reviewed by Rinaman, 2011) . Local projections to X are also GABAergic and glutamatergic, (reviewed by Travagli, Hermann, Browning, and Rogers, 2006 ). The current study describes similar catecholaminergic, GABAergic, and glutamatergic projections to rNST and suggests that these projections differentially target the subdivisions in the NST involved in consummatory and autonomic reflexes. A brief summary of a portion of these results appeared in a symposium report (Spector et al., 2017) .
| MATERIALS AND METHODS

| Mice
For anterograde tracing from cNST, we injected cre-dependent and non-cre-dependent AAV viruses into mice expressing cre recombinase (cre) under the control of different promoters and control mice. Promoters driving cre expression included those for the 65 kDa isoform of glutamic acid decarboxylase (GAD65; RRID: ISMR_JAX:010802), a synthetic enzyme for the inhibitory neurotransmitter GABA, a vesicular transporter in neurons utilizing the excitatory transmitter glutamate (VGLUT2, RRID: ISMR_JAX:016963), and dopamine beta hydroxylase (DBH, RRID: MMRRC_036778-UCD), an enzyme necessary for synthesizing norepinephrine and epinephrine. For the retrograde tracing experiments, we injected Fluorogold (FG) in "GAD67-EGFP+" mice that expressed EGFP under the control of the endogenous promoter for GAD67 (Tamamaki et al., 2003) . These heterozygous mice were the positive offspring of a cross between GAD67-EGFP+ and C57BL/6J (RRID: ISMR_JAX: 000664) mice. We also utilized the negative offspring of this same cross. GAD67 is the other major synthetic enzyme for GABA. Although different isoforms of GAD were targeted for the anterograde and retrograde studies, it seems likely that these strategies identified mostly the same neurons.
We base this conclusion on in situ hybridization reports in rats that demonstrated similar numbers and distributions of GAD65 and GAD67 neurons in NST (Stornetta & Guyenet, 1999) . Moreover, we crossed mice that expressed the Venus protein under the control of the promoter for the vesicular GABA transporter (VGAT) (Wang et al., 2009, RRID: ISMR_RBRC09645) , found in most GABAergic neurons, with a GAD65-cre/tdTom reporter line (RRID: ISMR_JAX:007908) and observed a high degree of double labeling in NST based upon counting cells in confocal z-stacks (92.6%, 470 cells counted, one section from the mid-rNST in two mice, Figure 1 ). For both the anterograde and retrograde experiments, we also used the negative offspring (GAD67-EGFP−) of crosses between GAD67-EGFP+ mice and C57BL/6J mice (RRID: ISMR_JAX:000664) ("GAD67-EGFP−"). All mice had predominantly B6 backgrounds and were adults (≥6 weeks).
Both males and females were included in the sample. No differences were noted according to gender. Further details, including sample sizes, are included in Tables 1 and 2. 2.2 | Tracer injections Mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) or isofluorane (1-2%), or initially with a ketamine-xylazine cocktail (100 and 10 mg/kg, i.p.) with anesthesia sustained by isofluorane. Surgery was done under aseptic conditions. Following exposure of obex, a pipette (20-25 μm o.d.) filled with virus was lowered into the brain, usually at~0.2 mm anterior and 0.2 mm lateral to obex. We recorded neural activity through the injection pipette to determine the depth of the cNST, which was ventral to somatosensory-driven activity in the nucleus gracilis and/or dorsal to the hypoglossal nucleus, characterized by large-amplitude action potentials synchronized to respiration. In several cases, we made a second injection~0.4 mm rostral and 0.4 mm lateral to obex. Except in one case where pressure was used, injections were made by iontophoresis, (5 s pulses, 0.1 Hz, +4-10 μA for 3-12 min; for details see Table 1 ). Mice were sutured, antibiotic ointment applied to the incision, injected with a non-steroidal antiinflammatory drug (Carprofen), and then returned to their home cage before perfusion. In the majority of cases, survival time was between 2.5 and 5 weeks; in a few cases, survival time was longer.
| Retrograde tracer injections
Retrograde tracing from the rNST was accomplished using iontophoretic injections of 5% Fluorogold (FG: Fluorochrome, LLC, Denver, CO) dissolved in saline. Mice (7 GAD67-EGFP+ and 2 GAD67-EGFP−)
were anesthetized with sodium pentobarbital (50-75 mg/kg, i.p.) and the surface of the cerebellum over the rNST exposed. Gustatory responses from the anterior tongue or tactile responses from the circumvallate and foliate papillae were localized with a search electrode.
Subsequently, we placed an FG-filled pipette (~20-25 μm, tip diameter) at the same spot, and lowered the pipette until the dorsal border of the rNST was encountered and then the injection was typically made 50-75 μm ventral to this border, in an attempt to encompass most of the dorso-ventral extent of the nucleus while limiting spread to the underlying reticular formation. In a few cases, we did not re-encounter orosensory responses but used the obvious transition from the vestibular nucleus, i.e. the cessation of large-amplitude vestibular activity, as a guide for depth. Injections were made using pulsed current (5 s pulses, 0.1 Hz, +2-8 μA, 2-15 min). Unlike the situation with the viral injections, where current remained stable, the current magnitude usually decreased over time when injecting FG. Mice were sutured, injected with carprofen, and returned to their home cage before perfusion. Survival time ranged from 5 to 13 days 
| Histology
| Perfusion and sectioning
After deep anesthetization (ketamine/xylazine cocktail~150 and 15 mg/kg, i.p.), mice were perfused with phosphate-buffered saline (PBS), followed by a mixture of 4% paraformaldehyde, 1.4% L-lysine, and 0.2% sodium metaperiodate. Brains were extracted, post-fixed, cryoprotected overnight in a 20% sucrose-phosphate buffer (PB) solution and sectioned on a freezing microtome (30-50 μm, typically 40 μm) into three or four series. Sections were either immunostained and/or mounted immediately following sectioning or stored in a cryoprotectant solution at −20 C until further processing.
| Immunohistochemistry
Anterograde tracing
For the anterograde tracing experiments, we usually analyzed native fluorescence for the EGFP-expressing viruses, but in cases with weaker labeling (DBH-cre mice and some GAD65-cre cases), we also enhanced fluorescence with immunohistochemistry for EGFP. For the (Bartel, 2012; Breza & Travers, 2016) . In a few cases, additional 3,3 0 diaminobenzidine (DAB)/peroxidase reactions were carried out to achieve a permanent reaction product.
Retrograde tracing
For the retrograde tracing experiments, FG was detected immunohistochemically so that retrogradely filled cells could be viewed with a confocal microscope. Native EGFP expression in the GAD67-EGFP+ mice was sufficiently bright to identify GABAergic neurons. In most cases, tissue was also stained for PHOX2b and tyrosine hydroxylase (TH, in separate series) to further identify the phenotype of the retrogradely labeled neurons.
General immunohistochemical procedures
The antibodies used for each case are noted in Tables 1 (anterograde   tracing) and 2 (retrograde tracing), their specifications summarized in Figure 9 . b All 9 mice were adults. Weights ranged from 27-47 g. In the 8 cases where gender was noted, 7 mice were males and 1 was a female. In a few instances, injection parameters were not noted but were within the range reported for the other cases. c All mice were heterozygous offspring of C57BL6/J and GAD67-GFP knockin mice (RRID:IMSR_RBRC03674) (Tamamaki et al., 2003) . d Abbreviations: FG, Fluorogold; TH, tyrosine hydroxylase. 
| Antibody characterization 2.4.1 | Anti-Fluorogold
We used two antibodies against FG, one produced in guinea pig (GP, most experiments, RRID: AB_2314409) and the other in rabbit (RRID: AB_90738). According to the manufacturer, staining with the GP antibody is completely blocked by pre-incubation with FG or Fast Blue. In our lab, when we have used both antibodies in the same tissue, we have observed highly similar patterns of staining. When these antibodies were used in brains where no Fluorogold injections were made, no staining was observed.
| Anti-tyrosine hydroxylase
Two antibodies against TH were used, both from the same manufacturer, utilizing the same antigen. Antibodies produced in either species yielded staining in the brainstem consistent with the well-known distributions of catecholaminergic neurons (Kalia, Fuxe, & Goldstein, 1985a , 1985b 
| Anti-PHOX2b
The antibody against PHOX2b was generated in the laboratory of J-F Brunet (Pattyn, Morin, Cremer, Goridis, & Brunet, 1997 
| Anti-EGFP
The antibody against EGFP (RRID: AB_221569) was generated against the native GFP protein. The manufacturer's data using Western blot analysis showed that the antibody was highly specific in detecting HeLa cells transfected with GFP but produced no staining in nontransfected cells. When this antibody was used with tissue in which no GFP was expressed, no staining was observed.
| Anti-P2X2
We used an antibody to detect the P2X2 purinergic receptor (RRID: AB_2040054) which co-localizes with the distribution of primary afferent gustatory terminals in the rNST (Bartel, 2012; Ganchrow et al., 2014) . The antibody was raised against the intracellular C-terminus of the receptor and data from the manufacturer show that this antibody stains a band at~75 kDa, which is blocked by preincubation with the control peptide. Moreover, previous studies using this antibody have reported that staining is absent in mice with genetic ablation of the receptor (Finger et al., 2005) . Saper (1990). These can be viewed in Figure 3 for a mid-postrema section, but are not typically labeled in subsequent figures so that the experimental label can be more clearly viewed. We used the nomenclature of rNST subdivisions as initially described in rats by Whitehead (1990) , and applied to mice by Ganchrow et al. (2014) . Although these subdivisions were originally defined by cytoarchitecture and myeloarchitecture using stains for somata or myelinated fibers, our recent work suggests that immunohistochemical staining for P2X2, which identifies the terminal field of primary gustatory afferent fibers (Bartel, 2012; Breza & Travers, 2016; Ganchrow et al., 2014; Vandenbeuch et al., 2015) , is an excellent marker for the (rostral) central sub- at the rostral pole of the area postrema, receives input from primary afferent fibers innervating the esophagus (Altschuler, Bao, Bieger, Hopkins, & Miselis, 1989) and projects strongly to the nucleus ambiguus (Herbert et al., 1990; Ross, Ruggiero, & Reis, 1985) , but in marked contrast to the rostral central NST (Halsell et al., 1996; Whitehead, 1990) does not project to the PBN (Herbert et al., 1990 ).
| Anti-mCherry
| Anterograde experiments
Photomicrographs were taken using a Nikon E600 Ellipse light fluorescent microscope (4×-10× lenses; fluorescent filters: 450-490 nm ex, 500-560 nm ba to view EGFP or AF488; 520-560 nm ex, 590-650 nm ba to view mCherry or AF546) or with an Olympus confocal microscope (FV1000 or FV3000). Confocal photomicrographs (z = 2 μm) were taken with a 20× lens at a resolution of 0.621 μm/ pixel using an argon laser exciting at 488 nm for GFP and AF488, a
HeNe laser exciting at 543 for AF546 and a 635 nm diode to detect far-red AF647 fluorescence. Additional confocal micrographs (z = 1 μm) were taken using 20×, 40×, or 60× lenses with a digital zooms ranging from 1 to 3× (0.069-0.310 μm/pixel resolution). We focused on the center of the injection site in cNST and on a level of the rNST midway between where the NST moves away from the IVth ventricle and the rostral pole. In select cases, additional photomicrographs were taken to further assess the extent of the injection or projection regions. We took darkfield or differential interference contrast (DIC) photomicrographs along with the fluorescent images to aid in delineating NST borders, based mainly upon the contrast between the poorly myelinated NST and surrounding regions. Maximum-intensity projections were created using Olympus Fluoview (Version 4.2a or 31S) software or in Image J and contrast and brightness were adjusted. For the 20× confocal images of the injection site and rNST, it was usually necessary to make a composite of two overlapping zstacks, using the three-dimensional stitching module in Image J. Unless otherwise specified in the figure captions, maximum intensity projections included sections from the entire confocal stack. In few cases, obvious particulate artifact arising from the secondary antibody was removed with the "remove noise" filter in Image J. Images were brought into Canvas (ACD Systems, v10) for final assembly of panels.
| Retrograde experiments
Photomicrographs of FG at the injection site center, along with a darkfield image were taken using the Nikon fluorescent microscope described above at magnifications of 4× and 10×. We photographed native FG at the injection site (325-375ex, LP400ba) because the native tracer appeared just as bright (if not brighter) than the immunohistochemically detected product at this magnification. The approximate extents of the injection site "cores," characterized by densely distributed labeled neurons, neuropil, and between-cell fluorescence, and "shells," with more scattered labeled cells and neuropil were manually outlined from the photomicrographs and the outlines of the NST were drawn based upon the darkfield images which highlight myeloarchitecture. Summaries of injection site centers were plotted on both the horizontal diagram in Figure 2 and on a standard set of coronal sections prepared in our lab with black-gold staining, a procedure that highlights myelin and thus the NST borders (Corson, Aldridge, Wilmoth, Erisir, 2012; Schmued & Slikker,, 1999) . Confocal photomicrographs of retrogradely labeled cells were taken at 20×, z = 2 μm, using appropriate filters (described above) to detect immunohistochemically detected FG, PHOX2b, TH, and native EGFP in GAD67
neurons. We counted retrograde labeling at two levels of cNST: obex and at the mid-point of area postrema ("mid-AP"). To capture the entire NST at this magnification, it was usually necessary to make a composite of two overlapping z-stacks. Z-stacks were brought into Image J, converted into 8-bit images, and then stitched into a composite z-stack using the three-dimensional stitching module. DIC photo- 3.1.2 | Cre-dependent virus tracing in VGLUT2-cre, GAD65-cre, and DBH-cre mice
To determine some of the phenotypes of cNST neurons that project to rNST, we made injections of cre-dependent viruses in mice that expressed cre in different cell types: excitatory glutamatergic neurons, inhibitory GABAergic neurons, and catecholaminergic A2 neurons.
Projections from cNST to rNST were evident for each phenotype, but varied in terms of magnitude and pattern.
Glutamatergic projections
To identify glutamatergic projections, injections were made in three VGLUT2-cre mice, two with a virus expressing EGFP under the control of the CAG promoter and one that expressed mCherry (as well as The source of labeled cells in the subjacent reticular formation, however, is more likely a consequence of transport by dendrites that extend into the overlying nucleus since a number of RF dendrites can be seen extending in the dorsal direction (Figure 6a 2, arrowheads). (Figure 6a) . In contrast to the injection sites for non-specific viral injections (Figure 4) , there was a notable paucity of labeled somata in (cholinergic) X and XII, attesting to the specificity of viral transduction (Figure 6a,a 1 ) . The topography of the terminal field following injections in VGLUT2 mice appeared very similar to those following non-specific AAV viral injections. Terminals were evident throughout the nucleus with the most robust projections in the medial and ventral subdivisions (Figure 6c,c 1 ) , a conclusion substantiated in a second case (SL15-57, not shown) with P2X2 immunostaining. There was also intense labeling in incoming primary afferent fiber fascicles, presumably in the Xth nerve (Figure 6c, arrowhead) . In the underlying reticular formation, there was strong fluorescence in fibers of passage as well as many varicosities, suggestive of terminations.
GABAergic projections
Injections in the cNST of GAD65-cre mice (N = 9) were made with the same two viruses used in the VGLUT2 studies with comparable anatomical coordinates and injection parameters. Despite these similarities, injection sites were smaller in the GAD65 cre line, and the virus tended to be expressed by cells located more laterally and ventrally in the nucleus (Figure 6b,b 1 ) . Moreover, although reticular neurons just lateral to NST were usually included in the injection site, labeled cell bodies in the intermediate and dorsal reticular formation that were so prominent in the VGLUT2-cre mice were not evident in the GAD65-cre cases. To Confocal images (maximum intensity projections; z = 2 μm intervals) of the injection site (left panels: a 1 -a 3 ) and resulting afferent labeling in rNST (right panels: b 1 -b 3 ) from a DBH-cre mouse that received an injection of a cre-dependent virus expressing EGFP (AAV1.CAG.Flex. eGFP.WPRE.bGH, case ISM72). As discussed in the text, a majority of neurons intensely labeled with virus were double-labeled for TH (white arrowheads) but some were not (green arrowheads). Afferent labeling in rNST (b 1 -b 3 ) was sparser than for VGLUT or GAD65 projections. Panel (b 3 ) is a higher magnification of the region indicated by the white square in the lower-magnification image in (b 2 ) (maximum intensity projection, z = 1 μm intervals). Fibers singly labeled for the virus were observed (green arrowheads, b 3 ) but a number of double-labeled fibers with varicosities (white arrowheads) were also evident, supporting the existence of a modest noradrenergic input from cNST. There were also a large number of fibers singly labeled for TH. Abbreviations-AP: area postrema, C: central canal, C2: C2 group of catecholaminergic (adrenergic) neurons, st: solitary tract, RF: reticular formation, XII: hypoglossal nucleus FIGURE 7 Confocal photomicrographs (maximum intensity projections, two z levels, z = 1 μm intervals) near the centers of credependent viral injection sites in VGLUT2 (a1-a3) and GAD65 (b 1 -b 3 ) mice, showing the relationship with PHOX2b staining. As described in the text, few virally labeled neurons in the GAD65-cre mice were double-labeled (right overlay: b 3 ), whereas a majority of those in the VGLUT case were double-labeled (left overlay: a 3 ). Arrowheads show examples of neurons singly labeled with virus (green) or double-labeled with PHOX2b and virus (white) labeling was apparent in the lateral and ventral rNST, as well as in the reticular formation and trigeminal nucleus. Projections to the medial rNST, however, were not observed, further suggesting a specific topography of intranuclear connectivity.
Catecholaminergic projections
To identify catecholamineric projections, we injected the same two viruses into three mice expressing cre under the control of the DBH promoter (AAV-CAG-EGFP, n = 2; AAV1-CBA-ChR2-mCherry, n = 1).
Injection sites were robust and located in a similar region of cNST as the injections described above, i.e., centered at the level of obex or area postrema (Figure 2) . In contrast to injections made in the VGLUT2-cre and GAD65-cre mice, however, there were relatively Nevertheless, varicosities that were double-labeled for EGFP and TH could be detected in rNST. Consistent with the observation that the injection site contained some neurons singly labeled for the virus, however, singly labeled viral fibers and varicosities were also observed. Moreover, many rNST fibers and varicosities were singly labeled for TH, suggesting a source of catecholaminergic innervation from sources other than cNST.
| Retrograde tracing with Fluorogold
The neurotransmitter phenotypes of projections from the caudal to the rostral NST were also assessed used the retrograde marker FG. These injections were made under electrophysiological guidance in either mice expressing EGFP under the control of the endogenous promoter for GAD67 (GAD67-EGFP+, n = 7), or the negative offspring of this same cross (n = 2). The phenotype of retrogradely labeled neurons was then assessed by identifying FG labeled neurons in EGFPexpressing neurons in the GAD67-EGFP+ mice, and/or following immunostaining for tyrosine hydroxylase (n = 8), and PHOX2b (n = 4), (See Table 2 ). 
| DISCUSSION
The present study details a projection from the caudal, visceral NST to the rostral, orosensory region of the nucleus. Extending earlier observations (Karimnamazi et al., 2002; Rinaman, 2010 , Whitehead et al., 2000 , we show a differential pattern of projections originating from three neurotransmitter defined phenotypes, cNST, e.g. (Gwyn, Leslie, & Hopkins, 1985; Hamilton & Norgren, 1984; Shapiro & Miselis, 1985) . Although tracers injected directly into the vagal (nodose) ganglion have been observed to produce terminal fields which sometimes extended to rostral levels of the nucleus (Chang, Strochlic, Williams, Umans, & Liberles, 2015; Contreras, Beckstead, & Norgren, 1982; Williams et al., 2016) , these more rostral terminal fields were likely due to tracer spread to the petrosal ganglion which contains somata of glossopharyngeal afferents and which is contiguous to the nodose ganglion (see e.g., Figure 6 in [Altschuler et al., 1989] ). Thus, although it is likely that the viral labeling in incoming afferents that we observed includes vagal fibers, it seems most parsimonious to conclude that these largely terminate in cNST and that the majority of rNST anterograde label arose from cNST neurons. This conclusion is supported by our retrograde tracing experiments.
| Specificity of cre-dependent viral expression
The expression of the cre-dependent AAV viruses employed in the present study relied on cre expression and, for the most part, faithfully (Stornetta, Sevigny, & Guyenet, 2002) .
Indeed, in the present study, a majority of virally labeled somata following a cNST injection into VGLUT2-cre mouse were positive for PHOX2b. The specificity of similar injections into a DBH-cre line was more complex and related to the intensity of viral expression, which was bimodally distributed. Only a minority of weakly labeled neurons immunostained for TH. In contrast, a majority with robust viral labeling were double-labeled for this catecholamine. Nevertheless, the proportion of double-labeled cells (73%) was lower than reported in a previous study in the rostral ventrolateral medulla (>90%) that also used a cre-dependent AAV virus, a mouse with the same transgene, and the same antibody (Abbott et al., 2013) . Differences in the viral serotype (I vs. II), promoter (CAG vs. EF1), background strain of mouse, or brainstem location could have contributed to the lower proportion of our neurons that co-labeled for TH. Although the lack of complete co-expression could imply less specific viral induction, it is also possible that the antibody did not detect all cells expressing DBH. We used a TH rather than a DBH antibody because we were unable to locate an effective DBH antibody for mouse. However, in other experiments performed in our lab in rat (unpublished observations), we noted that despite robust staining, this TH antibody only labeled about 65% of the neurons that immunostained for DBH using a very well characterized DBH antibody (e.g., Kreisler, Davis, & Rinaman, 2014; Rinaman, 2003) . Thus, our estimate of double-labeled neurons with the TH antibody is probably somewhat low. In any case, because we observed varicosities double-stained for both TH and the virus in the rNST following cNST injections into DBH-cre mice (Figure 8) , and because TH neurons were retrogradely labeled after rNST FG injections, our conclusion that there is a sparse catecholaminergic caudal to rostral NST projection is unaltered.
| Phenotypes of cNST-rNST projections
Our data indicate that the caudal to rostral intrasolitary projection is phenotypically heterogeneous, comprised of neurons expressing VGLUT2, GAD65/67, and the catecholamines. The A2 catecholaminergic neurons include a subset of the glutamatergic population in the cNST (Stornetta et al., 2002) , and are well-known to respond to a variety of gut-related, interoceptive, and behavioral stimuli that inhibit feeding behavior, as well as respiratory and cardiovascular signals (reviewed in Rinaman, 2011) . Although our data suggest that there is an A2 projection to rNST, implying that such visceral signals could affect the rNST orosensory and autonomic circuitry, this projection was sparse, indicating only a modest influence from this particular population of cells. Projections from GABAergic and especially glutamatergic cNST neurons were more robust. For these two phenotypes, there were notable differences in the pattern of terminal field projections and the location of cNST neurons from which the projections originated. Although we used very similar stereotaxic coordinates, viruses, and injection parameters in the GAD65-and VGLUT2-cre mice, injection sites in the GAD65 mice were typically smaller and more ventrolaterally restricted ( Figure 6 ). These differences are consistent with previous reports of the relative densities of GAD-and VGLUT2-expressing neurons in cNST (Okada et al., 2008) , as well as 
| Functional significance of the anatomical pattern
The medial subdivision of rNST was a prominent target for all of the phenotypically defined intrasolitary projection neurons we identified in cNST. This result is consistent with what can be gleaned from photomicrographs and brief descriptions in previous reports (Karimnamazi et al., 2002; Rinaman, 2010; Whitehead et al., 2000) . Neurons within the medial subdivision include cholinergic pre-ganglionic parasympathetic neurons (PGPs), which have axons that travel in the IXth and Xth cranial nerves to innervate salivary glands (Contreras, Gomez, & Norgren, 1980; Stratford et al., 2017) . The most anterior PGPs have axons in the IXth nerve that innervate Von Ebner's salivary glands in the posterior tongue (Bradley, Mistretta, Bates, & Killackey, 1985) , and are continuous caudally with PGPs projecting axons in the superior laryngeal and cervical branches of the vagus, including those that supply minor salivary glands extending from the pharynx to the esophagus (Contreras et al., 1980; Hamilton & Norgren, 1984) .
Indeed, although most PGPs that travel in the subdiaphragmatic vagus are confined to the dorsal motor nucleus of the vagus abutting the caudal NST, some of these too extend to the rostral zone of the nucleus (Norgren & Smith, 1988) . Results from double-labeling with a
CHAT antibody revealed that rostral medial cholinergic cells intermingle with profuse varicosities arising from the cNST that appear to contact the somata and dendrites (Figure 5c 2 ,c 3 ), suggesting a robust influence of visceral signals on these parasympathetic neurons.
Although frank gustatory responses are sparse in the medial subdivision, consistent with evidence for weak primary afferent input (Breza & Travers, 2016; Ganchrow et al., 2014; Whitehead, 1988), dendrites from PGPs at the rostral pole of NST extend laterally into the zone of primary afferent terminations (Kim, Chiego, & Bradley, 2004) . Thus, these rostral PGPs are in a position to be modulated by both taste and visceral signals, consistent with observations that both types of signals can modulate salivation (Gjorstrup, 1980; Hockman, Hagstrom, & Hoff, 1965; Kawamura & Yamamoto, 1978; Matsuo et al., 2001; Ueda et al., 2016) and other functions, including gastric motility (Inui-Yamamoto et al., 2009; Wicks et al., 2005) .
The ventral subdivision of rNST also receives a robust cNST projection. This region is subjacent to the dense primary afferent input located in the central subdivision but some taste responses have been noted there (Geran & Travers, 2006; Hu, Travers, & Travers, 1997; McPheeters et al., 1990) , perhaps due to monosynaptic input onto dorsally extending dendrites (Corson & Bradley, 2013; Wang & Bradley, 2010) . The ventral subdivision projects preferentially to the underlying reticular formation (Halsell et al., 1996) , which houses circuitry implicated in the consummatory phase of feeding, including stereotyped taste-modulated acceptance and rejection behaviors,
i.e. licking, swallowing, and oral rejection ("gaping") (Chen, Travers, & Travers, 2001 ). Abundant data demonstrate that visceral signals can both inhibit and potentiate taste-modulated consummatory behaviors, consistent with the presence of both glutamatergic and GABAergic cNST projections to rNST. For example, caloric substances such as sugars and lipids can act on receptors in the intestine to suppress (satiety), e.g., (Davis & Perez, 1993; Spector, Klumpp, & Kaplan, 1998) or potentiate (appetition) intake (Schier & Spector, 2016; Sclafani, 2013) . Similarly, infusing nausea-inducing ligands into the gut, including LiCl or bitter stimuli, had similar rapid inhibitory effects on consummatory behavior (Schier, Davidson, & Powley, 2011) , but potentiated gaping (Schier & Spector, 2016) .
Although projections from the cNST to the rNST favored the medial and ventral subdivisions, the central subdivision where P2X2 staining was prominent also received projections, including anterogradely labeled fibers with varicosities, consistent with a functional connection (Figure 5c 1 ) . The central subdivision is the main target of primary afferent gustatory fibers in the VIIth and IXth cranial nerves (Whitehead, 1986 ) and appears to be the dominant location where taste responses are recorded, at least in acute neurophysiological preparations (Breza & Travers, 2016; Geran & Travers, 2006; Yokota, Eguchi, & Hiraba, 2014) . Neurons in this region are the major source of the ascending pathway to the PBN (Halsell et al., 1996; Whitehead, 1990 ), which in turn gives rise to thalamocortical and subcortical forebrain projections (Norgren, 1976) . Thus, the current data indicate that at least to a modest extent, visceral signals from cNST could modulate ascending taste information ultimately used in more complex functions like perception, motivation, and learning.
Indeed, previous studies have reported that rNST taste responses (likely recorded in the central subdivision) can be inhibited by gastric stretch (Glenn & Erickson, 1976) , as well as increases in blood glucose, insulin, and glucagon (Giza et al., 1993; Giza & Scott, 1983 , 1987 Giza et al., 1992) . Although the caudal to rostral intrasolitary pathway is a potential candidate substrate at least partially underlying such effects, other studies have failed to find an influence of electrical stimulation of either the vagus nerve or caudal NST on rNST taste activity (Hermann et al., 1983) . This is consistent with our observations that cNST projections to the central subdivision are considerably weaker than projections to more medial and ventral subdivisions. Overall then, our results suggest that rather than primarily modulating taste signals destined for the forebrain, cNST projections to rNST preferentially target neurons involved in local reflex function, i.e. reflexive parasympathetic activity via the medial subdivision (salivary secretions along the upper GI tract, gastric motility, gastric acid, and insulin release) and oromotor acceptance and rejection responses via the ventral subdivision. Stronger modulation of signals destined for the forebrain seems more likely to occur at the next level of the neuraxis, the PBN. Indeed, unlike the NST, a previous study demonstrated that single parabrachial neurons can be co-activated by taste stimulation and electrical stimulation of the cNST (Hermann et al., 1983) . Moreover, pontine taste responses are modulated by gastric inflation (Baird et al., 2001 ) and sucrose-selective neurons in the PBN are profoundly depressed by intraduodenal lipid (Hajnal et al., 1999) . In line with these physiological observations, anatomical data suggest convergence of projections from the cNST and rNST in the "waist area" of the PBN (Hermann et al., 1983; Karimnamazi et al., 2002) , i.e., the classic "pontine taste area" (Norgren & Pfaffmann, 1975) .
| Multiple functions of the taste system
Besides providing evidence for intrasolitary connections, the present study reinforces the notion that the taste system serves multiple functions (e.g., Spector & Travers, 2005) , and that parallel processing is initiated at the first central relay (Zaidi, Todd, Enquist, & Whitehead, 2008) . Interestingly, evidence for an analogous division in other types of modulatory function is provided by data on neuropeptides and anatomical studies of descending projections to rNST. Immunohistochemical data suggest that several peptidergic systems, including a number that impact feeding and digestion, such as neuropeptide Y and the endogenous opiates (Kinzeler & Travers, 2008; Kotz, Billington, & Levine, 1997; Stanley, Kyrkouli, Lampert, & Leibowitz, 1986; Taylor, Lester, Hudson, & Ritter, 2007) preferentially target subdivisions other than the central. Thus, fibers expressing neuropeptide Y and galanin were prominent medial to P2X2 staining, while calcitonin gene-related peptide flanked the primary afferent terminal field laterally (Stratford et al., 2017) . Likewise, fibers immunopositive for enkephalin were prominent in the medial NST and ventral NST (Fallon & Leslie, 1986 ), compared to the more dorsolateral portions of the nucleus, with both enkephalin and endomorphin fibers much sparser in the P2X2 field (Kinzeler, 2011) . A similar medial/ventral bias was described for the distribution of substance P fibers in the gustatory zone of NST (Harrison, Hoover, & King, 2004) .
Anterograde tracing from the forebrain similarly reveals that the medial and ventral subdivisions are preferentially innervated by descending inputs from subcortical forebrain regions. This is particularly clear in the case of the bed nucleus of the stria terminalis and central nucleus of the amygdala (Danielsen, Magnuson, & Gray, 1989; Halsell, 1998; van der Kooy, Koda, McGinty, Gerfen, & Bloom, 1984) , an amygdalar region reported to modulate taste reactivity (Riley & King, 2013) and motivational aspects of feeding (e.g., Warlow, Robinson, & Berridge, 2017) . On the other hand, while the central subdivision is relatively spared from several modulatory influences, descending projections from the primary gustatory cortex in the insula prominently target this subdivision, which houses the neurons whose signals ultimately reach this same region of cortex (Hayama & Ogawa, 2001; Whitehead et al., 2000) . Thus, despite being relatively isolated from direct cNST, peptidergic, and subcortical influences, the central subdivision appears intimately involved in a reciprocal processing loop with the primary gustatory cortex, a region hypothesized to underlie complex perceptual functions such as discrimination, learning, and the multisensory integration that underlies flavor (e.g., de Araujo, Geha, & Small, 2012; Maier, 2017; Samuelsen & Fontanini, 2017) . 
